Deuteron spectra at laboratory angles from 30 to 90 were measured in a+(Pb, Cu, and C) collisions at 800, 600, and 200 MeV/nucleon, and a+(Pb and C) collisions at 400 MeV/nucleon. The coalescence relation between protons and deuterons was examined for the inclusive part of the spectra. The size of the interacting region was evaluated from the observed coalescence coefficients. The rms radius is typically 4 -5 fm, depending of the target mass. The proton and deuteron energy spectra corresponding to central collisions were fitted assuming emission from a single source moving with a velocity intermediate between that of the projectile and the target. The extracted "temperatures" are independent of the nature of the emitted particle, indicating that the fragments have a common source. The best fits were achieved for 200-and 400-MeV/nucleon reactions. Spectra of deuteron-like pairs, including real deuterons and neutron-proton pairs that may be contained in a larger nuclear cluster, are compared to the prediction of an intranuclear cascade model incorporating a clustering algorithm based on a classical coalescence prescription. Best agreements between experimental and predicted deuteron-like spectra occur for 800-and 600-MeV/nucleon collisions.
I. INTRODUCTION
High-energy heavy-ion collisions provide a unique tool for studying nuclear matter at excitations and densities far from the normal ground state. As the nuclei interpenetrate each other, nuclear matter is compressed and highly excited. It then expands and cools down toward lower densities and "temperatures. " In the late stage of the reaction, the system disintegrates and the finally observed fragments are formed. Light composite fragments (p, d, t, He, and He) have been studied in relativistic heavy-ion collisions in order to study first their production mechanism [1 -19] and then to extract the entropy produced in the collision [20 -26] . This last aspect was particularly interesting because both hydrodynamics [27, 28] and Monte Carlo calculations [15, 29] [30, 31] .
The dependence of the collective effect on the mass of the emitted fragment has recently been studied in the framework of the quantum molecular dynamic model in order to determine the nuclear equation of state [32] . The production of light nuclei has been described in terms of many models: the coalescence model [1 - 5] , taking into account the size of the deuteron and the volume of the participants [6] , the quantum-mechanical sudden approximation model [7 -10] , thermodynamic model with chemical equilibrium [11 -14] , calculations using the intranuclear cascade model [15 -18] , and hydrodynamics coupled with thermal decay [19] . The simple coalescence model has been applied to light-particle spectra from nucleus-nucleus collisions ranging in incident energy from 20 MeV/nucleon [33 -35] to 2 GeV/nucleon [3 -5,36 -39] .
The starting point of this model is that several nucleons can fuse in a fragment with mass number A if their relative momenta are less than some coalescence radius po. It was shown experimentally that, at least for inclusive spectra, the cross section for a composite fragment of mass A is roughly equal to the Ath power of the observed proton cross section. However, from proton and deuteron spectra measured in a La+La collision at 800 MeV/nucleon [39] , it is evident that the coalescence relation does not hold for high [40] shows that the simplest Feynman graph corresponding to the fusion between several nucleons could serve as a theoretical basis for the coalescence model. In this model po is expressed in terms of the inclusive nucleon slope parameter and the parameters which determine the short-range behavior of the deuteron wave function. The proposed approach enables the calculation of po and explains its variation.
In this work we report measurements of deuteron emission in n+(Pb, Cu, and C) collisions at 800, 600, and 200
MeV/nucleon, and a+ (Pb and C) collisions at 400
MeV/nucleon [41] . These results establish a link between proton-and heavy-ion-induced reactions. Fig. 3 . The a-proton separation is excellent, and the proton-deuteron separation is good; for deuteron-triton separation, some contamination appears. This contamination arises from the experimental uncertainty on p/Z and statistical fluctuations on the energy loss in the gas of the PDC.
Raw data measured by DIOGENE consist of a large number of hits on the wires. An off-line data-analysis program deals with the track reconstruction, particle identification and computation for each reconstructed particle, of its momentum vector, and the associated uncertainties [43] . In the coalescence model, po can be calculated from the scaling factor. In the case of deuterons, for an asymrnetric target-projectile system, the expression of po is [5, 37] get neutron numbers, Z and Z, their proton numbers, m is the nucleon rest mass, and o. o is the geometric reaction cross section calculated from the following empirical formula [36] :
where X and N, are, respectively, the projectile and tar- where E =(p +m )' and y= 1/(1 -P )' . C is a constant, and m is the mass of the particle (proton or deuteron) emitted at angle 0 with momentum p. The parameters C, T, and P are determined by using a least-squares method to fit the invariant di6'erential cross sections. The thermodynamic language has regained popularity in the field of high-energy heavy-ion collisions, and it has become a habit to call the slope parameter T the "tem- increasing impact parameter and decreasing multiplicity [47] . Moreover, the source can be treated as a nonrelativistic equilibrated ideal gas where all the available kinetic energy of the participant nucleons is completely randomized.
Consequently, the source "temperature" is given by (10) where m is the mass of a free nucleon. For a+Pb 400-MeV/nucleon collisions, the experimental source velocity el using the basic concepts of the fireball model [4] Table IV . 
IV. EXTENSION OF THE INTRANUCLEAR CASCADE FOR THE CALCULATION OF THE DEUTERON-LIKE CROSS SECTIONS
A. Description of the model We now describe briefly the extension of the intranuclear cascade model used in this paper for the comparison with our data. In this model the collision of the two nuclei is described by straight-line propagation of nucleons between scattering points. We have used the Cugnon cascade code [48, 49] . In that code binary collisions between nucleons and 6 resonances are computed, and the 5's have a 6nite lifetime. The isospin of each particle is explicitly incorporated. The original code is improved by "freezing" the spectators until they interact [50] . The impact parameter of the intranuclear-cascade-simulated events spreads over 10 b values from 0 to 9(R~+R, )/9. 5.
For each impact parameter, we compute, respectively, 1000, 1500, and 3000 events for u+Pb, Cu, and C reaction.
As the intranuclear cascade follows the A-body phasespace coordinates of all the nucleons, composite-fragment production can be calculated via a clustering algorithm based on a generalized coalescence formula involving both momentum and spatial coordinates [18] . The prob- (3) 29 (1) 64 (4) 59 (3) 29 (3) 66 (7) 60 (4) 43 (2) (3) 46 (3) 31 (2) 62 (4) 64 (4) 32 (1) 67 (4) 63 (4) 47 (6) +(r(t; ),q(t, ))(d2, (13) ability for each different n-p pair to form a deuteron is determined by their relative separation and momentum when both cease to interact with other nucleons of the system. For two nucleons labeled i,j, let us denote by t;. the last interaction time of either of them with any other nucleon (t, can vary ove. r the entire history of the reaction), by x and p their position and momentum. Thus their relative momentum q(t~), relative position r(t; ), and the total momentum P(t; ) at time t, is written a. s q(t;, ) = [p;(t;, ) -p, (t;, ) ]/2, r(t; )=x;(t;.) -x~(t, ), P(t;, )=p;(t;, )+p, (t;, ) .
From the relative position r(t; ) and the relative momentum q(t; ) of the n ppair, Nucleons before and during the reaction find themselves in an average optical potential. They must overcome this potential to energy unbound of the system. This effect is not included in the code. Therefore, in order to correct for it, we introduced a momentum-shift correction to the direct output of the cascade code. Each final nucleon momentum p, (t, )is transformed into " [18] TABLE IV. Calculated properties of the source in a+Pb, Cu, or C 200-and 400-MeV/nucleon collision with mean-square-reduced impact parameter (b ). The relation between the source velocity Pz and x is given by Eq. (8) . The corresponding source "temperature" T~is estimated from Eqs. (9) and (10) , and can be compared to the measured proton "temperature" T (n, ) is the mean number . of participant nucleons from the target, assuming that n~i s equal to 4 in Eq. (8) results in missed hits as the particle multiplicity increases, and consequently the double-track resolution deteriorates. Specifically, when the multiplicity of a charged particle emitted in the PDC acceptance is larger than -10, some of them are not registered by the detector so that the measured multiplicity is lower than the real one.
Nevertheless, Fig. 16 der to calculate the variation of the scaling constant. Nevertheless, the size of the interacting region can be evaluated from the measured scaling constants, and we obtain a radius of the order of 4 fm, depending of the target mass. These radii are consistent with the simple systematic parametrization by Nagamiya et al. [36] , de- duced from reactions with larger incident projectile nuclei. 
